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a b s t r a c t 
A new Cu-Al alloy was fabricated by a MA-HIP method for application to the heat sink materials of 
divertors. With the increase in MA time, the grain size and Vickers hardness decreased and increased, 
respectively. At MA time of 32 hrs, the hardness of the alloy was comparable to that of Glidcop ® although 
the grain size was much larger. X-ray diffractometry, electrical resistivity measurements and STEM-EDS 
analyses suggested precipitation of Al-rich phase by MA for 32 hrs followed by HIP. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
The divertor, which requires superior heat sink materials with
igh heat removal capability and high strength at high temper-
ture, is one of the essential components for operation of a fu-
ion reactor [1–3] . Cu alloys are promising materials for use as the
eat sink materials of divertors because of their good thermal con-
uctivity. In recent years a number of studies have been carried
ut on Cu-based materials in order to ﬁnd an optimal combina-
ion of high mechanical strength and high thermal conductivity.
n ITER, precipitation strengthened (PS)-Cu alloys such as Cu-Cr-Zr
re planned to be used. However, Cu-Cr-Zr has issues such as in-
tability of microstructure at high temperature, resulting in signif-
cant loss of strength, and irradiation induced softening and hard-
ning [4–7] . On the other hand, dispersion strengthened (DS)-Cu
uch as Glidcop ® (Cu-Al 2 O 3 ) is known to have higher stability in
icrostructure and strength at high temperature than PS-Cu [8–
1] . The conventional DS-Cu has been produced by internal oxida-
ion and extrusion, which, however, can cause inhomogeneity and
oarsening of the dispersed particles and anisotropic microstruc-
ure and properties. 
In this paper, we propose a process combining Mechanical Al-
oying (MA) and Hot Isostatic Pressing (HIP), as is well known for
he process of Oxide Dispersion Strengthened Steels (ODSS) [12,13] .
DSS have high density dispersion of nano-meter size, enhancing∗ Corresponding author. Fax: + 81 572 58 2628. 
E-mail address: muroga@nifs.ac.jp (T. Muroga). 
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hat MA-HIP method enables development of new DS-Cu alloys
aving properties exceeding those of the conventional DS-Cu. 
There was a precedent effort to fabricate DS-Cu using MA and
IP [14] in which additions of pure-yttrium metal and yttrium ox-
des were carried out. Enhanced mechanical properties were ob-
ained. However, effect of MA conditions were not investigated. In
he present study, addition of pure metal were carried out expect-
ng their oxygen gettering effects and the effects of MA time was
nvestigated. As to the metal to be added, Al was selected for the
urpose to compare with Glidcop ®. 
. Experimental procedures 
The Cu-1 wt. % Al (labeled as Cu-Al) was produced by MA and
IP method. The starting materials were powders of pure-Cu and
ure-Al supplied by Fukuda Metal Foil and Powder Co. LTD. and
amaishi Metal Co. LTD, respectively. The information of the pow-
ers supplied by the venders is listed in Table 1 . They were mixed
nd mechanically alloyed in a planetary-type ball mill using 5 mm
tainless steel (SUS) balls in a 250 cc MA pot with ball-powder ra-
io of 9:1, and the alloying was carried out with a rotating rate
f 250 rpm for 1 ∼32 hrs in Ar gas atmosphere. The mechanically
lloyed powders were then loaded into a mild steel capsule, de-
assed at 500 ˚C for 1 hr in 0.1 Pa vacuum. The powders were
intered by HIP at 1223 K for 1 hr with a pressure of 150 MPa. It
hould be noted that, throughout the series of the process, the ma-
erials were not exposed to the air. For comparison, Cu powdersnder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
ion strengthened copper alloy using a MA-HIP method, Nuclear 
7 
2 T. Yamada et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–4 
ARTICLE IN PRESS 
JID: NME [m5G; June 2, 2016;15:38 ] 
Table 1 
Data of raw powders. 
Material Purity (%) 
Apparent 
density (g/cc) Particle size distribution (%) 
< 75 μm 75–106 μm 106–150 μm 150 μm < 
Cu 99 .8 4 .97 21 .5 36 .5 33 .5 8 .5 
Al 99 .98 1 .12 12 .9 56 .3 30 .3 0 .5 
Fig. 1. SEM images of Cu-Al powders with MA time of 0 hr, 1 hr, 4 hrs, 8 hrs, 16 hrs 
and 32 hrs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. OM images of Cu-Al with MA time of 1 hr, 4 hrs, 8 hrs and 32 hrs after HIP. 
Fig. 3. Average grain size and Vickers hardness with MA time for Cu-Al (applying a 
load of 300 gf for 30 sec.). 
Fig. 4. Hardness of the materials produced as a function of grain size. without any addition was processed in the same manner with MA
of 1 hr. 
Metallographic and structural analyses were performed using
an optical microscopy (OM), scanning electron microscopy (SEM)
and X-ray diffractometry (XRD). Vickers hardness measurements
were also carried out at room temperature applying a load of
300 gf for 30 sec. Also carried out were electrical resistivity mea-
surements at 77 K and room temperature by four-terminal sensing
method with applied current of 0.1, 0.5, 1 and 2 A. Microstruc-
ture and microchemistry of the alloys were examined by a scan-
ning transmission electron microscope (STEM) equipped with an
energy-dispersive X-ray spectroscope (EDS). 
Data were also obtained for Glidcop ® (AL-25, Cu-0.5 wt.%Al)
and OFC (Oxygen Free Copper). 
3. Results and discussion 
Fig. 1 shows SEM images of the powders with MA time of
0 ∼32 hrs. At MA time from 0 hr to 4 hrs, ﬁne powders became
coarse with the progress of MA. From 4 hrs to 16 hrs, some of the
course powders became ﬂat and plate-like. At 32 hrs, powers were
even larger with the size exceeding 1 mm. 
Fig. 2 shows OM images of the Cu-Al after HIP with MA time
of 1 ∼32 hrs. The structure at MA time of 1 hr was cellular leaving
clear boundaries. Pores were also observed at some boundaries. At
4 hrs, partial area changed into layered but others remaining to be
cellular. At 8 hrs, most of the area changed into layered. At 32 hrs,
ﬁne grain structures were formed. 
Fig. 3 shows an average grain size and Vickers hardness with
MA time. At MA time from 1hr to 8 hrs, the grain size rapidly
decreased and the Vickers hardness rapidly increased. Then the
changes became smaller. 
Fig. 4 shows a graph plotting the Vickers hardness with the
grain size. The data obtained for Glidcop ® are also included for
comparison. The relations of average grain size and Vickers hard-
ness is given by Hall-Petch Eq. (1) . 
H V = H V 0 + k · d − 1 2 (1)
where, HV is the Vickers hardness, HV 0 is hardness of single crys-
tal, k is the material constant and d is average grain size. ThePlease cite this article as: T. Yamada et al., Development of a dispersion strengthened copper alloy using a MA-HIP method, Nuclear 
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Fig. 5. X-ray diffractometry before and after HIP. (a) Before MA process, (b) 1 hr 
(MA powder before HIP) (c) 32 hrs, (MA powder before HIP) (d) 1 hr (after HIP), (e) 
32 hrs (after HIP). 
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Fig. 6. Effect of MA time on lattice constant before and after HIP for Cu-Al. 
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Fig. 7. Electrical resistivity of Cu-Al with MA for 8 hrs and 32 hrs followed by HIP, 
and Pure copper (OFC). 
Fig. 8. STEM image and EDS chemical mapping for Cu and Al for the alloy with MA 
for 32 hrs and HIP. 
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a  lmost linear increase in hardness in the ﬁgure may imply that
he change observed Hall-Petch rule. However, Glidcop ® has a sim-
lar composition and similar hardness to the present alloy with
50 rpm and 32 hrs, although the grain size is much smaller. Two
ossible mechanisms can be pointed out. One is that the two al-
oys have different material constant ( k ). The other is that other
ardening mechanisms which is enhanced with the increase in MA
ime operate. The potential mechanisms include alloying hardening
nd precipitate hardening. 
Fig. 5 shows a series of X-ray diffractometry obtained in al-
ost the same conditions (X-ray intensity and detection period).
he overall decrease in the peak height from (a) to (e) is thought
o be due to the difference in the materials’ morphology, ﬁne pow-
ers, coarse powders and sintered bulk. Fig. 5 indicates the shift of
u (111) peaks of Cu-Al with MA time (0 hr, 1 hr and 32 hrs) for
he cases with and without HIP. The proﬁle of Cu-Al mixed pow-
ers before MA has peaks of Cu (111) and Al (200). However, the
owders after MA has no peak of Al both for the cases with and
ithout HIP, showing that solid-solution of Al took place by MA. 
Fig. 6 shows the change in lattice constant calculated using the
ollowing Bragg relationship, 
 d sin θ = nλ (2) 
here, “d ” is the lattice distance of (111) plane of the FCC ma-
rix. At MA time from 0 hr to 9 hrs, the lattice constant after HIP
hanged similarly to that before HIP. However, the lattice constant
f Cu-Al after MA of 32 hrs expanded after HIP in contrast to the
hrinkage observed before HIP. The lattice constant of Cu-Al afterPlease cite this article as: T. Yamada et al., Development of a dispers
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.05.00A of 32 hrs and HIP is close to that of Cu-Al without MA. Thus,
t is expected that the solid solution aluminum precipitated in the
atrix during the HIP, changing the matrix back to the close state
o pure Cu. This hypothesis is supported by the results of the elec-
rical resistivity measurements shown in Fig. 7 , in which the close
esistivity of pure Cu (OFC) and the alloy after MA of 43 hrs mea-
ured at 77 K implies similar matrix purity of the two materials.
ig. 7 also suggests good thermal conductivity of the alloys pro-
uced according to Wiedemann-Franz law which suggests propor-
ionality of electrical and thermal conductivity of metallic materi-
ls. 
Fig. 8 shows STEM and EDS chemical mapping images for Cu
nd Al for the alloys with MA of 32 hrs and HIP. The white area in
TEM image is rich in Al, showing precipitation of Al-rich phases
ccurred. This may be the reason for the quick hardening of Cu-
l with the MA time shown in Fig. 4 . However, systematic mi-
rostructural characterization of Cu-Al with different MA time and
lidcop ® is necessary to specify the hardening mechanism. 
Al is an element that induces long-term radioactivity by neu-
ron irradiation. Low activation can be a necessary requirement for
he divertor materials, although it is thought that the issue is not
s serious as that for blanket structural materials. In this study, Al
as selected to enable direct comparison with Glidcop ®. After ver-
fying the effectiveness of the present procedure, it is planned to
ove on to other additives such as Hf and Zr. 
. Conclusion 
Because of the structural stability at high temperature rela-
ive to the PS-Cu, the DS-Cu have been considered as the ad-
anced heat sink materials of divertors. In this study, we proposed
 MA-HIP method for obtaining better properties than those ofion strengthened copper alloy using a MA-HIP method, Nuclear 
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 commercial DS-Cu (Glidcop ®), and investigated the effect of MA
time on the structure and the properties of the Cu-Al products. The
main results are as follows: 
• Grain size decreased and the Vickers hardness increased with
MA time. At MA time of 32 hrs, the hardness was comparable
to that of Glidcop ® although the grain size was much larger. 
• The lattice constant of the products after HIP changed in a sim-
ilar manner to that before HIP with MA time up to 8 hrs. On
the other hand, after MA time of 32 hrs, the lattice constant
was increased signiﬁcantly by HIP, approaching that before MA.
It is expected that the solid solution Al precipitated in the ma-
trix during the HIP, changing the matrix back to the close state
to pure Cu. 
• Electrical resistivity measurements and STEM-EDS analyses also
suggested precipitation of Al-rich phase by MA for 32 hrs fol-
lowed by HIP. Please cite this article as: T. Yamada et al., Development of a dispers
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.05.00eferences 
[1] S. Suzuki , et al. , Fusion Eng. Des. 81 (2006) 93–103 . 
[2] S. Suzuki , J. Plasma Res. 87 (9) (2011) 607–614 . 
[3] S.J. Zinkle , et al. , Compr. Nucl. Mater. 4 (2012) 20 . 
[4] K. Kanno , Z. Metallkd. 79 (1988) 6 84–6 88 . 
[5] H. Suzuki , G. Itoh , J. Japan Inst. Metals 48 (1984) 1016–1021 . 
[6] N.Y. Tang , D.M.R. Taplin , G.L. Dunlop , Mater. Sci. Technol. 1 (1985) 270–275 . 
[7] G. Kalinin , V. Barabash , A. Cardella , et al. , J. Nucl. Mater. 283-287 (20 0 0) 10–19 .
[8] S.J. Zinkle , S.A. Fabritsiev , in: Atomic and Plasma Materials Interaction Data
for Fusion, osc, vol. 5, International Atomic Energy Agency, Vienna, 1994,
pp. 163–191 . 
[9] ASM Handbook , in: Properties and Selection: Nonferrous Alloys and Spe-
cial-Purpose Materials, Vol. 2, ASM International, Materials Park, OH, 1990,
p. 392 . 
[10] D.R. Lide , H.V. Kehiaian , in: CRC Handbook of Thermophysical and Thermo-
chemical Data, CRC Press, Boca Raton, FL, 1994, p. 28 . 
[11] G. Piatti , D. Boerman , J. Nucl. Mater. 185 (1991) 29–38 . 
[12] S. Ohtsuka , et al. , J. Nucl. Mater. 351 (2006) 241–246 . 
[13] N. Ohno , et al. , Mater. Sci. Eng. 649 (2016) 250–253 . 
[14] G. Carro , J. Nucl. Mater 455 (2014) 655–659 . ion strengthened copper alloy using a MA-HIP method, Nuclear 
7 
